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Differential geometry

For much of physics and mathematics the concept of a continuous map, provided by topology,
is not sufficient. What is often required is a notion of differentiable or smooth maps between
spaces. For this, our spaces will need a structure something like that of a surface in Euclidean
space R". The key ingredient is the concept of a differentiable manifold, which can be thought
of as topological space that is ‘locally Euclidean’ at every point. Differential geometry is
the area of mathematics dealing with these structures. Of the many excellent books on the
subject, the reader is referred in particular to [1-14].

Think of the surface of the Earth. Since it is a sphere, it is neither metrically nor topolog-
ically identical with the Euclidean plane R?. A typical atlas of the world consists of separate
pages called charts, each representing different regions of the Earth. This representation is
not metrically correct since the curved surface of the Earth must be flattened out to conform
with a sheet of paper, but it is at least smoothly continuous. Each chart has regions where
it connects with other charts — a part of France may find itself on a map of Germany, for
example — and the correspondence between the charts in the overlapping regions should
be continuous and smooth. Some charts may even find themselves entirely inside others;
for example, a map of Italy will reappear on a separate page devoted entirely to Europe.
Ideally, the entire surface of the Earth should be covered by the different charts of the atlas,
although this may not strictly be the case for a real atlas, since the north and south poles are
not always properly covered by some chart. We have here the archetype of a differentiable
manifold.

Points of R” will usually be denoted from now on by superscripted coordinates, x =
(x', x2, ..., x"). In Chapter 12 we defined a function f : R” — Rto be C” ifall its partial
derivatives

8“'f(x1,x2,...,x”)

Axi dx2 ... dxs
exist and are continuous fors = 1,2, ..., r. A C° function is simply a continuous function,
while a C* function is one that is C" for all values of » = 0, 1, 2, ... ; such a function will

generally be referred to simply as a differentiable function. A differentiable function need
not be analytic (expandable as a power series in a neighbourhood of any point), as illustrated
by the function

0 ifx <0,

e/ ifx > 0,

f(x)={
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which is differentiable but not analytic at x = 0 since its power series would have all
coefficients zero at x = 0.
A map ¢ : R" — R" is said to be C” if, when expressed in coordinates

yi:¢i(x1,x2,...,x”) where ¢; =prjo¢p (i=1,2,...,m),

each of the real-valued functions ¢; : R" — R is C”. Similarly, the notion of differentiable
and analytic functions can be extended to maps between Euclidean spaces of arbitrary
dimensions.

Differentiable manifolds

A locally Euclidean space or topological manifold M of dimension » is a Hausdorff
topological space M in which every point x has a neighbourhood homeomorphic to an
open subset of R". If p is any point of M then a (coordinate) chart at p is a pair (U, ¢)
where U is an open subset of M, called the domain of the chartand ¢ : U — ¢(U) C R" is
ahomeomorphism between U and its image ¢(U). The image ¢(U) is an open subset of R”,
given the relative topology in R”". It is also common to call U a coordinate neighbourhood
of p and ¢ a coordinate map. The functionsx’ =prio¢: U — R (i =1,...,n), where
pr; : R" — R are the standard projection maps, are known as the coordinate functions
determined by this chart, and the real numbers x’(p) are called the coordinates of p in this
chart (see Fig. 15.1). Sometimes, when we wish to emphasize the symbols to be used for
the coordinate functions, we denote the chart by (U, ¢; x"), or simply (U; x’). Occasionally
the term coordinate system at p is used for a chart whose domain U covers p. The
use of superscripts rather than subscripts for coordinate functions is not universal, but its
advantages will become apparent as the tensor formalism on manifolds is developed.

For any pair of coordinate charts (U, ¢; x") and (U’, ¢'; x'/) such that U N U’ # @, define
the transition functions

¢ o ipUNU)— ¢ (UNT),
pod i (UNU)— d(UNU,

T R

Figure 15.1 Chart at a point p

411



412

Differential geometry

Figure 15.2 Transition functions on compatible charts

which are depicted in Fig. 15.2. The transition functions are often written
¥/ =x7(x!,x% .., x") and ¥ =x'('L X% x" G, j=1,...,n) (15.1)
which is an abbreviated form of the awkward, but technically correct,

x(p)=priod 0p~ (x'(p). x*(p).....x"(p))
xX'(p)=priopod ' x"(p).x*(p).....x"(p)).

The two charts are said to be C”-compatible where 7 is a non-negative integer or oo, if all
the functions in (15.1) are C". For convenience we will generally assume that the charts are
C*°-compatible.

An atlas on M is a family of charts A = {(U,, ¢,) | @ € A} such that the coordinate
neighbourhoods U,, cover M, and any pair of charts from the family are C*°-compatible. If
A and A’ are two atlases on M then so is their union AU A'.

Exercise: Prove this statement. [Hint: A differentiable function of a differentiable function is always
differentiable.]

Any atlas A may thus be extended to a maximal atlas by adding to it all charts that
are C*-compatible with the charts of .4. This maximal atlas is called a differentiable
structure on M. A pair (M, A), where M, is an n-dimensional topological manifold and
A is a differentiable structure on M, is called a differentiable manifold; it is usually just
denoted M.

The Jacobian matrix J = [dx’¥/dx/]is non-singular since its inverseis J~! = [dx?/dx'*],
ax’ ax'k ox! .
= =] = =
ox’k 3xJ ax/ [ J ]
Similarly JJ=' = I. Hence the Jacobian determinant is non-vanishing, det[dx'/ /dx’] # 0.

We are making a return here and in the rest of this book to the summation convention of
earlier chapters.
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Example 15.1 Euclidean space R” is trivially a manifold, since the single chart (U =
R", ¢ = id) covers it and generates a unique atlas consisting of all charts that are compatible
with it. For example, in R? it is permissible to use polar coordinates (r, 8) defined by

X =rcosb, y =rsinf,

which are compatible with (x, ) on the open set U = R? — {(x, y)|x > 0, y = 0}. The
inverse transformation is

arctan y /x if y >0,
r=/x2+ )2, 0=1nx if y=0, x <0,

7w +arctany/x if y <O0.
The image set ¢(U) in the (r, 0)-plane is a semi-infinite open strip» > 0, 0 < 6 < 2.

Example 15.2 Any open region U of R” is a differentiable manifold formed by giving it
the relative topology and the differentiable structure generated by the single chart (U, idy :
U — R").Every charton U is the restriction of a coordinate neighbourhood and coordinate
map on R” to the open region U and can be written (U N V', ¢ | uny) Where (V, ) is a chart
on R”. Such a manifold is called an open submanifold of R”.

Exercise: Describe the open region of R? and the image set in the (r, 6, ¢) on which spherical polar
coordinates are defined,

x =rsinf cos ¢, y =rsinfsing, z =rcosf. (15.2)

Example 15.3 The unit circle S' C R?, defined by the equation x% 4+ y2 = 1, is a one-
dimensional manifold. The coordinate x can be used on either the upper semicircle y > 0
or the lower semicircle y < 0, but not on all of S'. Alternatively, setting » = 1 in polar
coordinates as defined in Example 15.1, a possible chart is (U, ¢;0) where U = §' —
{(1,0)}and ¢ : U — R isdefined by ¢((x, y)) = 6. The image set ¢(U) is the open interval
(0,27) C R. These charts are clearly compatible with each other. S' is the only one-
dimensional manifold that is not homeomorphic to the real line R.

Example 15.4 The 2-sphere S defined as the subset of points (x, y, z) of R satisfying
2y +=1
is a two-dimensional differentiable manifold. Some possible charts on S? are:

(1) Rectangular coordinates (x, y), defined on the upper and lower hemisphere, z > 0 and
z < 0, separately. These two charts are non-intersecting and do not cover the sphere since
points on the central plane z = 0 are omitted.

(ii) Stereographic projection from the north pole, Egs. (10.1) and (10.2), defines a chart
(S? — {(0, 0, 1)}, Sty) where Sty : (x, y, z) = (X, Y) is given by

X =
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These coordinates are not defined on the sphere’s north pole N = (0, 0, 1), but a similar
projection Stg from the south pole S = (0, 0, —1) will cover N,
X/ — X Y/ — y
1+2z2’ 1+z

Both of these charts are evidently compatible with the rectangular coordinate charts (i) and
therefore with each other in their region of overlap.

(iii) Spherical polar coordinates (6, ¢) defined by seting » = 1 in Eq. (15.2). Simple algebra
shows that these are related to the stereographic coordinates (ii) by

X:cot%@ cos @, Y:cot%G sin g,

and therefore form a compatible chart on their region of definition.
In a similar way the n-sphere S”,

S = {X c R (xl)2 + (x2)2 +oee (xn+l)2 — 1}

is a differentiable manifold of dimension n. A set of charts providing an atlas is the set of
rectangular coordinates on all hemispheres, (Ul.+, ¢,.i) and (U, qb[i), where

Ur={xeS"|x' >0}, U ={xeS|x' <0},
and ¢ : U" — R" and ¢, : U7 — R” are both defined by

¢ii(x) = (xl, x2, 0 X X x”“).

Exercise: Prove that Sty and Sty are compatible, by showing they are related by

X Y

4 !

B CESEN BN

Example 15.5 The set of n x n real matrices M(n, R) can be put in one-to-one corre-
spondence with points of R"Z, through the map ¢ : M(n, R) — R" defined by

&4 = [ay]) = (a11, @12, ..., din, @21, A2, .., ).

This provides M(n, R) with a Hausdorff topology inherited from R™ in the obvious way.
The differentiable structure generated by the chart (M (n, R), ¢) converts M(n, R) into a
differentiable manifold of dimension 12,

The group of n x n real non-singular matrices G L(n, R) consists of n x n real matrices
having non-zero determinant. The determinant map det : GL(n, R) — R is continuous
since it is made up purely of polynomial operations, so that (G L(n, R)) = det™'(R — {0})
is an open subset of R". Thus GL(n, R) is a differentiable manifold of dimension n?, as it
is in one-to-one correspondence with an open submanifold of R".

From any two differentiable manifolds M and N of dimensions m and n respectively, it
is possible to form their product M x N, which is the topological space defined in Section
10.4. Let (Uy, ¢o) and (V3, ¥g) be any families of mutually compatible charts on M and
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N respectively, which generate the differentiable structures on these manifolds. The charts
Uy x Vg, ¢po X Yrg), Where ¢y X Yrg : Uy x Vg — R” x R” = R"* defined by

ba X Yp((P. 7)) = (Ga(P). ¥p(@) = (x' (). ... X" (D). ¥'(@)..... " @),

manifestly cover M x N, and are clearly compatible in their overlaps. The maximal atlas
generated by these charts is a differentiable structure on M x N making it into a differen-
tiable manifold of dimension m + n.

Example 15.6 The topological 2-torus 72 = S' x S (see Example 10.13) can be given
a differentiable structure as a product manifold in the obvious way from the manifold
structure on S'. Similarly, one can define the n-torus to be the product of n circles, 7" =
Stx S x - x St = (S1)".

Problems

Problem 15.1 Show that the group of unimodular matrices SL(n,R) = {4 € GL(n,R)| det
A = 1} is a differentiable manifold.

Problem 15.2 On the n-sphere S” find coordinates corresponding to (i) stereographic projection,
(ii) spherical polars.

Problem 15.3 Show that the real projective n-space P" defined in Example 10.15 as the set of
straight lines through the origin in R"™' is a differentiable manifold of dimension #, by finding an
atlas of compatible charts that cover it.

Problem 15.4 Define the complex projective n-space C P” in a similar way to Example 10.15 as
lines in C"*! of the form A(z°, z', ..., z") where , z°, ..., z" € C. Show that C P" is a differentiable
(real) manifold of dimension 2n.

Differentiable maps and curves

Let M be a differentiable manifold of dimension n. A map f : M — R is said to be
differentiable at a point p € M if for some coordinate chart (U, ¢; x') at p the function
f=fo¢!:¢U)— R is differentiable at ¢(p) = x(p) = (xl(p), x2(p)s ..., x"(p)).
This definition is independent of the choice of chart at p, for if (U’, ¢') is a second chart at
p that is compatible with (U, ¢), then

f=fo¢'=Ffopog!

is C™ since it is a differentiable function of a differentiable function. We denote by F, (M)
the set of all real-valued functions on M that are differentiable at p € M.
Givenanopenset ' € M,areal-valued function /" : M — Rissaid to be differentiable
or smooth between manifolds on V' if it is differentiable at every point p € V. Clearly, the
function need only be defined on the open subset V' for this definition. We will denote the set
of all real-valued functions on M that are differentiable on an open subset /' by the symbol
F(V). Since the sum f 4 g and product fg of any pair of differentiable functions f and
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g are differentiable functions, F (V) is a ring. Furthermore, 7 (V) is closed with respect to
taking linear combinations f 4 ag where a € R and is therefore also a real vector space
that at the same time is a commutative algebra with respect to multiplication of functions
fg. All functions in F,(M) are differentiable on some open neighbourhood ¥ of the point
pPEM.

Exercise: Show that F,(M) is a real commutative algebra with respect to multiplication of functions.

If M and N are differentiable manifolds, dimensions m and n respectively, then a map
a : M — N is differentiable at p € M if for any pair of coordinate charts (U, ¢; x') and
(V, ¥; y*) covering p and a(p) respectively, its coordinate representation

d=voacd™ 1 pU)— Y(V)

is differentiable at ¢(p). As for differentiable real-valued functions this definition is inde-
pendent of the choice of charts. The map & is represented by » differentiable real-valued
functions

b :oz"(xl, X%, x'”) (a=1,2,...,n),

where a® = pr, o &.

A diffeomorphismisamapa : M — N thatis one-to-oneandbothowanda™ : N — M
are differentiable. Two manifolds M and N are said to be diffeomorphic, written M = N,
if there exists a diffeomorphism « : M — N; the dimensions of the two manifolds must of
course be equal, m = n. Itis a curious and difficult fact that there exist topological manifolds
with more than one inequivalent differentiable structure.

A smooth parametrized curve on an n-dimensional manifold M is a differentiable
map y : (a, b) — M from an open interval (a, b) C R of the real line into M. The curve is
said to pass through p att = ¢, if y(#y) = p, where a < ty < b. Note that a parametrized
curve consists of a map, not the image points y(¢) € M. Changing the parameter from ¢ to
t' = f(t), where f : R — R is a monotone differentiable function and a’ = f(a) < t' <
b’ = f(b), changes the parametrized curve to y’ = y o f, but has no effect on the image
points in M. Given a chart (U, ¢; x') at p, the inverse image of the open set U is an open
subset ¥ ~1(U) € R. Let (a, b;) be the connected component of this set that contains the
real number #, such that p = y (). The ‘coordinate representation’ of the parametrized
curve y induced by this chart is the smooth curve y = ¢ o y : (a1, b;) — R”, described
by n real-valued functions x’ = y(¢) where y’ = pr; o ¢ o y. We often write this simply
as x' = x’(t) when there is no danger of any misunderstanding (see Fig. 15.3). In another
chart (U’;x'/) the n functions representing the curve change to x”/ = y"/(¢) = x"/ (y(1)).
Assuming compatible charts, these new functions representing the curve are again smooth,
although it is possible that the parameter range (a’, b’) is altered.

Problems

Problem 15.5 Let R’ be the manifold consisting of R with differentiable structure generated by
the chart (R; y = x?). Show that the identity map idg : R' — R is a differentiable homeomorphism,
which is not a diffeomorphism.
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R"

z(¢oy(t)

Figure 15.3 Parametrized curve on a differentiable manifold

Problem 15.6 Show that the set of real m x m matrices M(m, n; R) is a manifold of dimension mn.
Show that the matrix multiplication map M(m, k; R) x M(k, n;R) — M(m, n;R) is differentiable.

Tangent, cotangent and tensor spaces

Tangent vectors

Letx’ = x/(¢) be a curve in R” passing through the point xg = x(¢y). In elementary mathe-
matics it is common to define the ‘tangent’ to the curve, or ‘velocity’, at X¢ as the n-vector
v=(x)= (x', %2, ..., x") where *' = (dx'/dr);—,,. In an n-dimensional manifold it is not
satisfactory to define the tangent by its components, since general coordinate transforma-
tions are permitted. For example, by a rotation of axes in R” it is possible to achieve that the
tangent vector has components v = (v, 0,0, ..., 0). A coordinate-independent, or invari-
ant, approach revolves around the concept of the directional derivative of a differentiable
function ' : R" — R along the curve at xo,

Xf = dfx@)  _ ') 9/ (x) ’
dt =t dr 1=t ox! X=Xg
where X is the linear differential operator
dx’ (¢
X= © 8. .
dr =t 0x' Ix=x,

The value of the operator X when applied to a function f only depends on the values taken
by the function in a neighbourhood of xq along the curve in question, and is independent
of coordinates chosen for the space R". The above expansion demonstrates, however, that
the components of the tangent vector in any coordinates on R" can be extracted from the
directional derivative operator from its coefficients of expansion in terms of coordinate
partial derivatives.

The directional derivative operator X is a real-valued map on the algebra of differentiable
functions at xo. Two important properties hold for the map X : 7y (R") — R:

417



418

Differential geometry

(i) It is linear on the vector space Fy,(R"); that is, for any pair of functions f, g and real
numbers a, b we have X(af + bg) = aXf + bXg.

(ii) Theapplication of X on any product of functions fg inthe algebra F, (R")is determined
by the Leibnitz rule, X(fg) = f(x0)Xg + g(x0)Xf.

These two properties completely characterize the class of directional derivative operators
(see Theorem 15.1), and will be used to motivate the definition of a tangent vector at a point
of a general manifold.

A tangent vector X, at any point p of a differentiable manifold M is a linear map from
the algebra of differentiable functions at p to the real numbers, X, : F,(M) — R, which
satisfies the Leibnitz rule for products:

Xplaf +bg)=aX,f +bX,g (linearity), (15.3)
X,(fg) = f(p)Xpg + g(p)Xpf (Leibnitz rule). (15.4)

The set of tangent vectors at p form a vector space 7,(M), since any linear combination
aX, + bY, of tangent vectors at p, defined by

@X, +bY,)f =aX,f +bY,f.

is a tangent vector at p since it satisfies (15.3) and (15.4). It is called the tangent space at
p. If (U, ¢) is any chart at p with coordinate functions x’, define the operators

(8), = - | iR R
X! P = Bx" p. p( )
by
N CAfe! )
(le)pf= ax! pf_ dx! x=¢(p)’ (153)

where f = fo¢~! : R" — R.Theseoperators are clearly tangent vectors since they satisfy
(15.3) and (15.4). Thus any linear combination

T nog
X, =X ‘ =S x L
P axtlp ; dx!

where X' e R

P

is a tangent vector. The coefficients X/ can be computed from the action of X on the
coordinate functions x/ themselves:

ox) —Xxis/ = xI.
oxi lx=¢(p) !

Theorem 15.1 If (U, ¢;x") is a chart at p € M, then the operators (Bx,)p defined by
(15.5) form a basis of the tangent space T,(M), and its dimension is n = dim M.

X,x) =X

Proof: Let X, be a tangent vector at the given fixed point p. Firstly, it follows by the
Leibnitz rule (15.4) that X, applied to a unit constant function /* = 1 always results in zero,
X,1=0, for

X,1=X,(1.1) = LX,1 + 1.X,1 =2X,1.
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By linearity, X, applied to any constant function f = c results in zero, Xc = X(c.1) =
cX1=0.
Set the coordinates of p to be ¢(p) = a = (a', a?, ..., a"), and let y = ¢(q) be any
point in a neighbourhood ball B,(a) C ¢(U). The function f = f o ¢~' can be written as
FOL V= A0 = FO Ly )
HIOL T a) = SOy e )
+ 700 @ . a) = flal, d?, . d) + flal, a2, ..., )
= f(al, a, ..., a")
oSO T a i —dl), )
+y dr

ot

Ly A e —dh), d YL e

— fa+ Z /
x dt(y" —a').

Hence, in a neighbourhood of a = ¢(p), any function f can be written in the form
o =rf@+ /iy -d) (15.6)

where the functions f;(y!, y2, ..., y") are differentiable at a. Thus, in a neighbourhood
of p,

f@=7o¢=1p)+ fi@)(x'(g)—a)
where f; = fiog € Fp(M). Using the linear and Leibnitz properties of X,
pr = pr(p) + pri(xi(p) - ai) + fi(p)(pri - Xpa[) = fi(p)pri

since X ,¢ = 0 for any constant ¢, and x’(p) = a'. Furthermore,

[ s
axtlp

and the tangent vectors (8xf)p span the tangent space T,,(M),

Jfilp) =

a
ax i V4
To show that they form a basis, we need linear independence. Suppose

d

Sxf V4

X, =X

= X'(8y), where X' =X,x'. (15.7)

i

then the action on the coordinate functions f = x/ gives

9 dx/
O=d——| x/ =4 "=

‘ — 4/
ax! P al

as required. |
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This proof shows that, for every tangent vector X,, the decomposition given by
Eq. (15.7) is unique. The coefficients X = X,x’ are said to be the components of the
tangent vector X, in the chart (U; x").

How does this definition of tangent vector relate to that given earlier for a curve in R"?
Let y : (a, b)) - M be a smooth parametrized curve passing through the point p € M at
t = t. Define the tangent vector to the curve at p to be the operator y, defined by the
action on an arbitrary differentiable function 1" at p,

dfoy@®
dt
It is straightforward to verify that the y, is a tangent vector at p, as it satisfies Eqs. (15.3)

and (15.4). In a chart with coordinate functions x’ at p, let the coordinate representation of
the curvebe y = poy = (y'(1), ..., y"(t)). Then

?pf =

t=ty

=Wy 0 '@

Yp dt = xiley dt li=g
and

RN o dy'@)

yp—y(to)ﬁ)p where  y'(t) = O

In the case M = RR" the operator y, is precisely the directional derivative of the curve.
It is also true that every tangent vector is tangent to some curve. For example, the basis
vectors (8X,)p are tangent to the ‘coordinate lines’ at p = ¢~ !(a),

vt o (@' d L X =d =1, .., ).
An arbitrary tangent vector X, = X’ (Bx,)p at p is tangent to the curve
yit ¢ (@ + X't —t0), ... x =d + X' (t —t),..., a" + X"(t — 1y))).
Example 15.7 The curves o, B and y on R? given respectively by

a'(t) = 1+sinrcost o(t) =14 3t cos2t,
Bi()=1+1 B2(t) = 1+ 3te™,
vl =¢ yi = e,

all pass through the point p = (1, 1) at # = 0 and are tangent to each other there,

dp = BP = )./P = (8);1)]) + 3(ax2)1)'

Cotangent and tensor spaces

The dual space T,;(/) associated with the tangent space at p € M is called the cotangent
space at p. It consists of all linear functionals on 7,(}/), also called covectors or 1-forms
at p. The action of a covector w, at p on a tangent vector X, will be denoted by w,(X ),
(@p, X)) or {(Xp, w,). From Section 3.7 we have that dim 7;(M) = n = dim T,,(M) =
dim M.
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If f is any function that is differentiable at p, we define its differential at p to be the
covector (d /), whose action on any tangent vector X, at p is given by

(df)p, Xp) = X, f- (15.8)

This is a linear functional since, for any tangent vectors X, Y, and scalars a, b € R,
(df)p,aX, +bY,)=(aX, +bY,)f =aX,f+bY,f=a((df),, Xp) +b{(df)p, ¥}p).

Given a chart (U, ¢;x") at p, the differentials of the coordinate functions have the
property

((dx")p, Xp) = Xpx' = X'

where X' are the components of the tangent vector, X, = X" (0, )p. Applying (dx%), to the
basis tangent vectors, we have

X 0 X dx! X
dx')y, (30),) = = | xf = 2| =4,
S )"> ox/ px ax/ ey 7
Hence the linear functionals (dx!) I (dx?) ps---» (dx"), are the dual basis, spanning the

cotangent space, and every covector at p has a unique expansion
w, =w;(dx"), where w; = (w,, (8,(1)1)).

The w; are called the components of the linear functional w, in the chart (U; x").
The differential of any function at p has a coordinate expansion

(df)p = fi(dxi)p

where
9 af
P = d s 0yi = - ‘ = — ‘ .
fi =4@f)p. (3x),) ol e BN
A common way of writing this is the ‘chain rule’
A1)y = fi(p)dx"), (15.9)
where
of
fi=g50¢
x

These components are often referred to as the gradient of the function at p. Differentials have
never found a comfortable place in calculus as non-vanishing quantities that are ‘arbitrarily
small’. The concept of differentials as linear functionals avoids these problems, yet has all
the desired properties such as the chain rule of multivariable calculus.

As in Chapter 7, a tensor of type (7, s) at p is a multilinear functional

Ay Ty (M) < Ty(M) x -+ X TY (M) xTp(M) x - - - x Tp(M) — R,

r s

We denote the tensor space of type (r, s) at p by 7T, 15"‘5) (M). 1t is a vector space of dimension

nr+S .
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Vector and tensor fields

A vector field X is an assignment of a tangent vector X, at each point p € M. In other
words, X is a map from M to the set | pem Tp(M) with the property that the image of
every point, X(p), belongs to the tangent space 7,,(M) at p. We may thus write X, in place
of X(p). The vector field is said to be differentiable or smooth if for every differentiable
function f* € F(M) the function Xf defined by

ENp) =X, f

is differentiable, Xf € F(M). The set of all differentiable vector fields on M is denoted
T(M).

Exercise: Show that 7 (M) forms a module over the ring of functions F(M): if X and Y are vector
fields, and f € F(M) then X + fY is a vector field.

Every smooth vector field defines a map X : F(M) — F(M), which is linear
X(af +bg) =aXf+bXg forall f,ge F(M)andalla,beR,
and satisfies the Leibnitz rule for products

F(fg) = fXg+gXFf.

Conversely, any map X with these properties defines a smooth vector field, since for each
point p the map X, : F,(M) — F,(M) defined by X, f = (Xf)(p) satisfies Egs. (15.3)
and (15.4) and is therefore a tangent vector at p.

We may also define vector fields on any open set U in a similar way as an assignment of
a tangent vector at every point of U such that Xf € F(U) for all f € F(U). By the term
local basis of vector fields at p we will mean an open neighbourhood U of p and a set
of vector fields {ey, e, ..., e,} on U such that the tangent vectors (e;), span the tangent
space T;(M) at each point g € U. For any chart (U, ¢; x"), define the vector fields on the
domain U

8y = - 1 F(U) - F(U)
by
9 1
3X,f_a lf_fitb
X dx!

These vector fields assign the basis tangent vectors (Bx,)p at each point p € U, and form a
local basis of vector fields at any point of U. When it is restricted to the coordinate domain
U, every differentiable vector field X on M has a unique expansion in terms of these vector
fields

a
ax!
where the components X? : U € R are differentiable functions on U. The local vector fields
9, form a module basis on U, but they are not a vector space basis since as a vector space
T (U) is the direct sum of tangent spaces at all points p € U, and is infinite dimensional.

X[, =X —=X0.
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In a similar way we define a covector field or differentiable 1-form w as an assignment
of a covector w), at each point p € M, such that the function (@, X) defined by (w, X)(p) =
(wp, Xp) is differentiable for every smooth vector field X. The space of differentiable 1-
forms will be denoted 7*(M). Given any smooth function f, let df be the differentiable
1-form defined by assigning the differential d f,, at each point p, so that

df, X)=Xf forall X e T(M).

We refer to this covector field simply as the differential of /. A local module basis on any
chart (U, ¢; x") consists of the 1-forms dx’, which have the property

i ax’ ;
(dx', 0y) = o = 8.
Every differential can be expanded locally by the chain rule,
i a
df = f;dx' where f;= P _ f. (15.10)
xl

Tensor fields are defined in a similar way, where the differentiable tensor field 4 of type
(7, s) has a local expansion in any coordinate chart

S 0 0 0 . .
— Ahizedr T N ... Js
A=At o @ @@l @ @) (15.11)
The components are differentiable functions over the coordinate domain U given by
iy _ i i i, 0 9
A jl___jS—A(dxl,dxz,...,dx,ﬁ,...,ﬁ).

Coordinate transformations

Let (U, ¢;x") and (U’, ¢'; x'/) be any two coordinate charts. From the chain rule of partial
differentiation

9 ox 9 o

ax'J — ax'J axi’ axi — axi ox/’

(15.12)

Exercise: Show these equations by applying both sides to an arbitrary differentiable function f
on M.

Substituting the transformations (15.12) into the expression of a tangent vector with
respect to either of these bases
x=x2 —xi L
ox’ ax'J
gives the contravariant law of transformation of components
1y
xi = x %
ax!
The chain rule (15.10), written in coordinates x'/ and setting 1 = x/, gives
i
ax = 2,

T oxli

(15.13)
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Expressing a differentiable 1-form  in both coordinate bases,
®=w; dx’ =w}dx/j,
we obtain the covariant transformation law of components

. oxt
w'.

J 9x'J ¢

(15.14)

The component transformation laws (15.13) and (15.14) can be identified with similar
formulae in Chapter 3 on setting

. ox7 oot
J ]

4i = oxi’ k= gxrk

The transformation law of a general tensor of type (r, s) follows from Eq. (7.30):

T/i;...i,’ g = Tl 8x7”1 dx'h E E
Jidi Junds gyin T gxie gxdi T 9x i

(15.15)

Tensor bundles

The tangent bundle 7'M on a manifold M consists of the set-theoretical union of all tangent
spaces at all points

™ = ] T,(M).
peM

There is anatural projectionmapr : TM — M definedby 7 (v) = pifu € T,(M),and for
each chart (U, ¢; x") on M we can define a chart (7 ~'(U), ) on T M where the coordinate
map ¢ : 7~ (U) — R is defined by

d(v) = (xl(p),..., x"(p), v', ..., v”)
d

Bxi‘p

where p=n(v) and v= Z v
=1

The topology on T M is taken to be the coarsest topology such that all sets $~'(4) are open
whenever 4 is an open subset of R*". With this topology these charts generate a maximal
atlas on the tangent bundle 7 M, making it into a differentiable manifold of dimension 27.

Given an open subset U € M, a smooth map X : U — T M is said to be a smooth
vector field on U if 7 0 X = id’U. This agrees with our earlier notion, since it assigns
exactly one tangent vector from the tangent space T,,(M) to the point p € U. A similar
idea may be used for a smooth vector field along a parametrized curve y : (a,b) > M,
defined to be a smooth curve X : (a, b) — T M that lifts y to the tangent bundle in the
sense that 7 o X = y. Essentially, this defines a tangent vector at each point of the curve,
not necessarily tangent fo the curve, in a differentiable manner.

The cotangent bundle 7* M is defined in an analogous way, as the union of all cotangent
spaces 7, (M) at all points p € M. The generating charts have the form (m~"(U), ¢) on
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T*M where the coordinate map ¢ : 7 ~}(U) — R*" is defined by
é(a)p) = (xl(p), e XN(p), Wi, ., w,,)
where p=7(w) and o= wi(dx'),
i=1

making 7* M into a differentiable manifold of dimension 2x. This process may be extended

to produce the tensor bundle of type T M, a differentiable manifold of dimension n +

nV+S.

Problems

Problem 15.7 Let y : R — R? be the curve x = 2f + 1, y = r> — 3¢. Show that at an arbitrary
parameter value ¢ the tangent vector to the curve is X,y = y = 20, + (2f — 3)0, = 20, + (x — 4)d,.
If £ : R? — Ris the function f = x> — y?, write f as a function of 7 along the curve and verify the
identities

df(t
Xy f = % = (A v Xy) = CLHUA Dy ® Xy

Problem 15.8 Letx! = x,x? = y, x> = z be ordinary rectangular cartesian coordinates in R*, and
letx =r,x"” =6, x” = ¢ be the usual transformation to polar coordinates.

(a) Calculate the Jacobian matrices [dx’/dx"/] and [9x" /dx/].

(b) In polar coordinates, work out the components of the covariant vector fields having components
in rectangular coordinates (i) (0, 0, 1), (ii) (1, 0, 0), (iii) (x, y, z).

(c) In polar coordinates, what are the components of the contravariant vector fields whose components
in rectangular coordinates are (i) (x, y, z), (ii) (0, 0, 1), (iii) (—y, x, 0).

(d) If g;; is the covariant tensor field whose components in rectangular coordinates are §;;, what are
its components g/; in polar coordinates?

Problem 15.9 Show that the curve
27+ 2y +2xy =1
can be converted by a rotation of axes to the standard form for an ellipse
x?43y%=1.

Ifx' =cosy,y = % sin ¥ is used as a parametrization of this curve, show that

x=L<cos¢r+%sin1ﬁ), y=L<—cosw+isinw).

V2 V3 V2 V3
Compute the components of the tangent vector
PO
Tdy O dy

Show that X(f) = (2/+/3)(x? — ?).

Problem 15.10  Show that the tangent space T{,, 4 (M x N)atany point (p, ¢) of a product manifold
M x N is naturally isomorphic to the direct sum of tangent spaces 7,(M) @ T,(N).
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Problem 15.11 On the unit 2-sphere express the vector fields 0, and 9, in terms of the polar
coordinate basis 9y and d4. Again in polar coordinates, what are the dual forms to these vector fields?

Problem 15.12  Express the vector field 9 in polar coordinates (6, ¢) on the unit 2-sphere in terms
of stereographic coordinates X and Y.

15.4 Tangent map and submanifolds

The tangent map and pullback of a map

Leto : M — N be a differentiable map between manifolds M and N, where dim M = m,
dim N = n. This induces a map a, : T,(M) — Ty)(N), called the tangent map of «,
whereby the tangent vector Y,(,) = .X), is defined by

Yo / = (aXp) [ = Xp(f o)

for any function f € Fy()(N). This map is often called the differential of the map o, but
this may cause confusion with our earlier use of this term.

Let (U, ¢;x) and (V, ;%) be charts at p and a(p), respectively. The map o has
coordinate representation & = ¥ o 0 ¢! : ¢(U) — ¥ (V), written

Y=o x% . X" (@=1,...,n).
To compute the components ¥* of Yo(p) = X, = Y(dy0), (> We perform the following
steps:
af oyt ;0
Yo =y =X — oa
./ ay?  la(p) ox’ pf
:Xfiafwédrl ‘
ox' #(p)
9 164
_x f oy . ow ‘
ax! #(p)
¥ Af oy (x), (%), ..., &"(x))
B ox! x=6(p)
— X ay” af o ‘/f71
axilop) 3y lap)
_ a0 .
0x7 lo(p) 0y la(p)
Hence
S 0y?
re=x2| . (15.16)
ax' lg(p)

Exercise: Ifa : M — N and B : K — M are differentiable maps between manifolds, show that
(@oB)=0ay0ps. (15.17)
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The map « : M — N also induces a map o™ between cotangent spaces, but in this case
it acts in the reverse direction, called the pullback induced by «,

a(p)(N) - T (M).

The pullback of a 1-form wy(,) is defined by requiring
<O‘*wa(p)7 Xp> = <a)a(p)aa*Xp> (1518)
for arbitrary tangent vectors X .

Exercise: Show that this definition uniquely defines the pullback o*wy(p).

Exercise: Show that the pullback of a functional composition of maps is given by
(@ofB) =B oa*. (15.19)

The notion of tangent map or pullback of a map can be extended to totally contravariant
or totally covariant tensors, such as r-vectors or r-forms, but is only available for mixed
tensors if the map is a diffeomorphism (see Problem 15.13). The tangent map does not
in general apply to vector fields, for if it is not one-to-one the tangent vector may not be
uniquely defined at the image point a(p) (see Example 15.8 below). However, no such
ambiguity in the value of the pullback a*w can ever arise at the inverse image point p,
even if w is a covector field, since its action on every tangent vector X, is well-defined by
Eq. (15.18). The pullback can therefore be applied to arbitrary differentiable 1-forms; the
map o need not be either injective or surjective. This is one of the features that makes
covector fields more attractive geometrical objects to deal with than vector fields. The
following example should make this clear.

Example 15.8 Leta : R =R3 — {(0,0,0)} — R? be the differentiable map
a:(x,y,z)> (u,v) where u=x+y+z, v=+x2+2z2

This map is neither surjective, since the whole lower half plane v < 0 is not mapped onto,
nor injective, since, for example, the points p = (1, y, 0) and q = (0, y, 1) are both mapped
to the point (y + 1, 1). Consider a vector field

| d , 0 50
X=X—=X'""+X—4+Xx—
ax! ax ay 0z
and the action of the tangent map «, at any point (x, y, z) is
ad X z ad
w X = (X' + X2+ X° —+<X1 =)
( ) Vx? 422 Vx2 4+ 2z2/ v

While this map is well-defined on the tangent space at any point x = (x, y, z), it does not
in general map the vector field X to a vector field on R2. For example, no tangent vector
can be assigned at u = a(p) = a(q) as we would need

d 9
(K4 X+ )@ | X @] = (K )@ | @
du v lu
There is no reason to expect these two tangent vectors at u to be identical.
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However, ifw = wy du + w, dv is a differentiable 1-form on R? it induces a differentiable
1-form on RB, on substituting du = (du/9x) dx + (du/dy)dy + (du/dz) dz, etc.

a*w:(wl—l—wz )dx+w1dy+(W1+W2

X z
- - dZ,
/)CZ-"-ZZ /x2 +22)
which is uniquely determined at any point (x, y, z) # (0, 0, 0) by the components w(u, v)
and w,(u, v) of the differentiable 1-form at (u, v) = a(x, y, z).

Example 15.9 1f y : R — M is a curve on M and p = y(f), the tangent vector to the
curve at p is the image under the tangent map induced by y of the ordinary derivative on
the real line,

=Tl
forif f : M — R is any function differentiable at p then
df Y .
gl =" =50,
0

By a curve with endpoints we shall mean the restriction of a parametrized curve y :
(a, b) > Mtoaclosedsubintervalofy : [t1, t,] - M wherea < t; < t, < b. Theintegral
of a 1-form « on the curve with end points y is defined as

/ya = f,ltz a(y)dr.

In a coordinate representation x’ = y’(¢) and o = «; dx’,

5]
14 f

Let y’ = y o f be the curve related to y by a change of parametrization ¢ = f(¢) where
f : R — R is a monotone function on the real line. Then

Jo= ]

for, by the standard change of variable formula for a definite integral,

foz = /’2 ai(x(t))md—t,d
¥

dt
/l( )

=/1%QMUD

1

[
¥/

Hence the integral of a 1-form is independent of the parametrization on the curve y.
The integral of o along y is zero if its pullback to the real line vanishes, y*(«) = 0, for

153 d 153 d
= s Ve dr = * ,—d =0.
/y“ fn«wdt> /“(y(a) il
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If « is the differential of a scalar field @ = d f it is called an exact 1-form. The integral
of an exact 1-form is independent of the curve connecting two points p; = y(#;) and
P2 = y(t), for

tzd
/ af = / .y / YDy = 1670~ v,

which only depends on the value of f at the end points. In particular, the integral of an
exact 1-form vanishes on any closed circuit, since y(¢;) = y ().

For general 1-forms, the integral is usually curve-dependent. For example, let « = xdy
on the manifold R? with coordinates (x, y). Consider the following two curves connecting
p1=(—=1,0)to p» =(1,0):

yi:x=t, y=0 h=-1, =1,

Y2 . X =cost, y=sint Hh=-m, =0
The pullback of « to the first curve vanishes, y;*x dy = td0 = 0, while the pullback to y»
is given by

y,xdy = costd(y o y2(t)) = cost d(sint) = cos? ¢ dr.

0 b4
/xdy:/ cosztdt:—;é/ xdy =0.
Y2 - 2 "

Hence

Submanifolds

Let @ : M — N be a differentiable mapping where m = dim M < ndim N. The map is
said to be an immersion if the tangent map o, : T,(M) — Ty, () is injective at every
point p € M;i.e., o, is everywhere a non-degenerate linear map. From the inverse function
theorem, it is straightforward to show that there exist charts at any point p and its image
a(p) such that the map & is represented as

y! :oe"(xl,xz,“.,x’") =x' fori=1,...,m,

Y= ot“(xl,xz, ., x™)y=0 fora > m.
A detailed proof may be found in [11].
Example 15.10 In general the image (M) C N of an immersion is not a genuine ‘sub-
manifold’, since there is nothing to prevent self-intersections. For example the mapping
o : R — R? defined by

x=al()=t(*-1), y=dX )= -1

is an immersion since its Jacobian matrix is everywhere non-degenerate,

ox dy )
= )= — for all R.
(En at) (20 —1 20)#(0 0) forallre

The subset a(R) C R? does not, however, inherit the manifold structure of R since there is
a self-intersection at # = %1, as shown in Fig. 15.4.
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Figure 15.4 Immersion that is not a submanifold

In order to have a natural manifold structure on the subset «(M) we require that the map
«a is itself injective as well as its tangent map «,. The map is then called an embedding,
and the pair (M, o) an embedded submanifold of N.

Example 15.11 Let A be any open subset of a manifold M. As in Example 15.2, it inherits
a manifold structure from M, whereby a chart is said to be admissible if it has the form
wn4d, ¢|Uﬁ ) for some chart (U, ¢) on M. With this differentiable structure, 4 is said
to be an open submanifold of A/. It evidently has the same dimension as M. The pair
(4, id| 1) is an embedded submanifold of M.

Example 15.12 Let T?> = S' x S be the 2-torus (see Example 15.6). The space 72 can
also be viewed as the factor space R?/mod 1, where (x, y) = (x/, ') mod 1 if there exist
integers k and / such that x — x’ = k and y — y’ = [. Denote equivalence classes mod 1 by
the symbol [(x, y)]. Consider the curve o : R — T defined by a(¢) = [(at, bt)]. This map
is an immersion unless a = b = 0. If a/b is a rational number it is not an embedding since
the curve eventually passes through (1, 1) = (0, 0) for some ¢ and « is not injective. Fora /b
irrational the curve never passes through any point twice and is therefore an embedding.
Figure 15.5 illustrates these properties. When a/b is rational the image C = «(R) has the
relative topology in 72 of a circle. Hence there is an embedding 8 : S' — C, making (S', B)
an embedded submanifold of 7. It is left to the reader to explicitly construct the map S.
In this case the subset C = B(S') C T is closed.

The set a(R) is dense in 72 when a/b is irrational, since the curve eventually passes
arbitrarily close to any point of 72, and cannot be a closed subset. Hence the relative topology
on (R) induced on it as a subset of T’ is much coarser than the topology it would obtain
from R through the bijective map «. The embedding « is therefore not a homeomorphism
from R to «(R) when the latter is given the relative topology.

In general, an embedding o : M — N that is also a homeomorphism from M to a(M)
when the latter is given the relative topology in N is called a regular embedding. A
necessary and sufficient condition for this to hold is that there be a coordinate chart (U, ¢; x")
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r=at, y=>bt

irrational

7 rational

=l

Figure 15.5 Submanifolds of the torus

at every point p € a(M) such that a(M) N U is defined by the ‘coordinate slice’

m+2

=x""=...=x"=0.

It also follows that the set a(M) must be a closed subset of N for this to occur. The proofs
of these statements can be found in [11]. The above embedded submanifold (S', B) is a
regular embedding when a/b is rational.

Problems

Problem 15.13  Show that if p, = r;(dx’), = a*w(,) then the components are given by

_
T ooxi

v Wq
#(p)

where wep) = Wa(dy)a(p)-
If o is a diffeomorphism, define a map a, : T{"D(M) — Tof(ll’]l))(N) by setting
T (@a(p): Xai) = T (0" @aip). o7 X))
and show that the components transform as
ay® 9x/
T 9xi ayb”
Problem 15.14 Ify : R — M isacurve on M and p = y(f) and « : M — N is a differentiable
map show that

(T)'p =T

Q.Yp =Oup) Where o =aoy:R— N.

Problem 15.15 Is the map « : R — R? given by x = sint, y = sin2¢ (i) an immersion, (ii) an
embedded submanifold?

Problem 15.16 Show that the map « : R® - R? defined by
u=x>+y% v =2xy, w=x2—)?

is an immersion. Is it an embedded submanifold?
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Evaluate o*(udu + vdv + wdw) and o, (9, )(.5)- Find a vector field X on Rz for which «, X is not

a well-defined vector field.

Commutators, flows and Lie derivatives

Commutators

Let X and Y be smooth vector fields on an open subset U of a differentiable manifold M.
We define their commutator or Lie bracket [ X, Y] as the vector field on U defined by

(X, Y]f = X(Y[) - Y(X)

for all differentiable functions f on U. This is a vector field since (i) it is linear

[X. Y](af + bg) = a[X, Y]1f + b[x, y]g
forall f, g € F(U)anda, b € R, and (ii) it satisfies the Leibnitz rule

X, YI(fe) = f1X, Y]g + glX, Y1f.

Linearity is trivial, while the Leibnitz rule follows from
[X, Y1(fe) = X(fYg+gY/f) = Y(fXg + gX[)
=XfYg+ fX(Ye)+ Xg Y[ +gX(Y[)
—YfXg— fY(Xg) - Yg Xf —gY(Xf)
= fIX. Y]g +glX. Y]f.

A number of identities are easily verified for the Lie bracket:
[X,Y]=-[Y, X],
[X,aY +bZ] =al[X, Y]+ b[X, Z],
[X, fY]= fIX. Y]+ X[ Y,
(X, Y], Z] + (Y. Z]. X] + [[Z, X], Y] = 0.

Equations (15.21) and (15.22) are trivial, and (15.23) follows from

[X, fY]g = X(fYg) — fY(Xg) = fX(Yg)+ X(f)Yg — fY(Xg)

= fIX,Y]g+ XfYg.

(15.20)

(15.21)
(15.22)
(15.23)
(15.24)

The Jacobi identity (15.24) is proved much as for commutators in matrix theory,

Example 6.7.
Exercise: Show that for any functions f, g and vector fields X, ¥

[f X, g¥Y]= felX, Y]+ fXgY —gVf X

To find a coordinate formula for the Lie product, let X = X'(x',...,x")du, ¥ =
Yix!', ..., x")d.. Then [X, Y] = [X, YT*(x', ..., x")d., where
Yk 9XK
(X, Y] =[X, Y5 = X(¥x5) — Y (Xxh)y = X' — — Y —
dax! dx!
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or in the comma derivative notation
X, YfF=x'rk, -y x*t,. (15.25)

If we regard the vector field X as acting on the vector field Y by the Lie bracket to produce
a new vector field, X : Y — LyY = [X, Y], this action is remarkably ‘derivative-like’ in
that it is both linear

,C)((tlY + bZ) = al:)(Y + b,CXZ
and has the property
Lx(fY)=XfY+ fLxY. (15.26)

These properties follow immediately from (15.22) and (15.23). A geometrical interpretation
of this derivative will appear in terms of the concept of a flow induced by a vector field.

Integral curves and flows

Let X be a smooth vector field on a manifold M. An integral curve of X is a parametrized
curve o : (a, b) - M whose tangent vector 6(¢) at each point p = o (¢) on the curve is
equal to the tangent vector X, assigned to p,

o(t) = Xa(t)-
In a local coordinate chart (U; x) at p where the curve can be written as n real functions
x'(t) = x*(o(¢)) and the vector field has the form X = X'(x!, ..., x")d,s, this requirement
appears as n ordinary differential equations,
dx! ;
- =X (x'(t),....x"(1)). (15.27)

The existence and uniqueness theorem of ordinary differential equations asserts that through
each point p € M there exists a unique maximal integral curve y,, : (a, b) — M such that
a=a(p) <0 <b=>(p)and p = y,(0)[15, 16]. Uniqueness means that if o : (¢, d) —
M is any other integral curve passing through p at t =0 thena <c <0 <d <b and
o= Vp‘(c,d)'

By a transformation of the manifold M is meant a diffeomorphism ¢ : M — M. A
one-parameter group of transformations of M, oron M,isamapo : R x M — M such
that:

(1) for each ¢ € R the map o, : M — M defined by o,(p) = o(¢, p) is a transformation
of M;
(ii) forall ¢, s € R we have the abelian group property, o, = 0; © ;.

Since the maps o, are one-to-one and onto, every point p € M is the image of a unique point
g € M; thatis, we can write p = o,(q) where ¢ = o,”!(p). Hence oy is the identity transfor-
mation, oy = idy, since oo(p) = 0p 0 0,(q) = 0;(q) = p for all p € M. Furthermore, the
inverse of each map ot’l is o_; since 0, 0 0_; = 0 = idy,.
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)

Figure 15.6 Streamlines representing the flow generated by a vector field

The curve y, : R — M defined by y,(¢) = o,(p) clearly passes through p at = 0. Itis
called the orbit of p under the flow o and defines a tangent vector X, at p by

X, Y@O) @)
dr =0 dr =0

Since p is an arbitrary point of M we have a vector field X on M, said to be the vector
field induced by the flow o. Any vector field X induced by a one-parameter group of
transformations of M is said to be complete. The one-parameter group o; can be thought
of as ‘“filling in’ the vector field X with a set of curves, which play the role of streamlines
for a fluid whose velocity is everywhere given by X (see Fig. 15.6).

Not every vector field is complete, but there is a local concept that is always applicable. A
local one-parameter group of transformations, or local flow, consists of an open subset
U C M and areal interval I, = (—¢, €), together withamap o : Ic x U — M such that:

(i) foreacht € I, the map o, : U — M defined by o,(p) = o (¢, p) is a diffeomorphism
of U onto o,(U);
(ii") ift,s and r + s € I and p, o,(p) € U then o,4,(p) = a,(ax(p)).

A local flow induces a vector field X on U in a similar way to that described above for a
flow:

df(o:
X,f = f(zt(p)) B

It now turns out that every vector field X corresponds to a local one-parameter group of
transformations, which it may be said to generate.

forall p € U. (15.28)
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Theorem 15.2 If X is a vector field on M, and p € M then there exists an interval
1 = (—¢, €), a neighbourhood U of p, and a local flow o : I x U — M that induces the
vector field X | y Testricted to U.

Proof: 1f (U, ¢;x") is a coordinate chart at p we may set

.0 .
X‘U:X’—_ where X' :U — R.

dax!
The existence and uniqueness theorem of ordinary differential equations implies that for
any x € ¢(U) there exists a unique curvey = y(¢; x', ..., x") on some interval I = (—¢, €)
such that
dyi(t;xl,...,x”) ; B "
g =4Xo¢ "M%, Y5 X)L Y (85 X))
and

YO;xt o x) =x'.
As the solutions of a family of differential equations depend smoothly on the initial coordi-
nates [15, 16], the functions y(¢;x', ..., x") are differentiable with respect to ¢ and x.
For fixed s and fixed x € ¢(U) the curves t — z'(¢,s;X) = y'(¢; y(s;X)) and ¢ —
z(t, s, X) = y'(t + s; x) satisfy the same differential equation
dzi(t, s;x1, .. x™)
dr
and have the same initial conditions at # = 0,

=X (z'(t,53x), ..., 2"(t, 5;X))

Y (0;¥(s3%)) = ¥ (55%) = (0 + 53 %).
These solutions are therefore identical and the map o : / x U — U defined by o (¢, p) =
¢~ 'y(¢; ¢(p)) satisfies the local one-parameter group condition
o(t,o(s,p)=o(t+s,p). -
A useful consequence of this theorem is the local existence of a coordinate system that
‘straightens out’ any given vector field X so that its components point along the 1-axis,
X' =(1,0,...,0). The local flow o; generated by X is then simply a translation in the
I-direction, oy (x', x2, ..., x") = (x' +1,x%, ..., x").

Theorem 15.3  If X is a vector field on a manifold M such that X, # 0, then there exists
a coordinate chart (U, ¢;x") at p such that

3

=T
Outline proof: The idea behind the proof is not difficult. Pick any coordinate system
(U, ¥;y") at p such that y'(p) =0, and X, = (ayl)p. Let o : I, x A — M be a local
flow that induces X on the open set 4. In a neighbourhood of p consider a small (n — 1)-
dimensional ‘open ball’ of points through p that cuts across the flow, whose typical point
¢ has coordinates (0, y?, ..., y"), and assign coordinates (x' = ¢, x> = y?, ..., x" = ")

(15.29)
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to points on the streamline o,(¢) through ¢. The coordinates x2, ..., x" are then constant
along the curves t — o,(g), and the vector field X, being tangent to the streamlines, has
coordinates (1, 0, ..., 0) throughout a neighbourhood of p. A detailed proof may be found
in [11, theorem 4.3] or [4, p. 124]. |

Example 15.13 Let X be the differentiable vector field X = x23, on the real line manifold
R. To find a coordinate y = y(x) suchthat X = 9,, we need to solve the differential equation

d
2
dx

1.

The solutionis y = C — 1/x.
The local one-parameter group generated by X is found by solving the ordinary differ-
ential equation,

The solution is

1 X
o) = —— = .
((x) x 11—t 1—1tx

It is straightforward to verify the group property
X
oy (Ux(x)) = m = 0p4s(%).

Example 15.14 1f X and Y are vector fields on M generating flows ¢, and i, respectively,
let o be the curve through p € M defined by

o)=Y _0¢_ 0y 0dp.

Then o (1/7) is a curve whose tangent vector is the commutator [X, Y] at p. The proof is to
let f be any differentiable function at p and show that
floWD] = flo0)]

X, Y =1l .
[X, Y], f IT}) P

Details may be found in [3, p. 130]. Some interesting geometrophysical applications of this
result are discussed in [17].

Lie derivative

Let X be a smooth vector field on a manifold M, which generates a local one-parameter
group of transformations o, on M. If Y is any differentiable vector field on M, we define
its Lie derivative along X to be

ﬁxY = lim

t—0

Y — Y

#. (15.30)
Figure 15.7 illustrates the siutation. Essentially, the tangent map of the diffeomorphism o;
is used to ‘drag’ the vector field Y forward along the integral curves from a point o_;(p)
to p and the result is compared with original value Y, of the vector field. Equation (15.7)
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oy

Figure 15.7 Lie derivative of a vector field Y along a vector field X

performs this operation for neighbouring points and takes the limit on dividing by . We
now show that this derivative is identical with the ‘derivative-like’ operation of taking the
commutator of two vector fields.

Let f: M — R be a differentiable function, and p any point of M. From (15.30) we
have at p,

1
(‘CXY)p - hm 07 Ypf - ((UZ)*Y)pf)

1
=lim—(Y,f — Yo, S — Yo n(f 00 — f))

t—)l‘

= hm

(

= lim ; (Yof = Yo p(f 00)
(
(

(Yf = (¥f)oo_)(p) — Yo p(f 00i = /).

On setting s = —¢ in the first term and using Eq. (15.28), the right-hand side reduces to
XY f)(p)— Y(XS)p)=I[X, Y], [, and we have the desired relation

LxY =[X, Y] (15.31)

The concept of Lie derivative can be extended to all tensor fields. First, for any dif-
feomorphism ¢ : M — M, we define the induced map ¢ : 7")(M) — T")(M) in the
following way:

(i) for vector fields set ¢ = ¢,;
(ii) for scalar fields f : M — Rsetgf = fog™;
(iii) for covector fields set ¢ = (qfl)*;
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(iv) the map @ is extended to all tensor fields by demanding linearity and
(TR®S)=9T ®¢S
for arbitrary tensor fields 7" and S.
If w and X are arbitrary covector and vector fields, then
(Po,9X) = ¢, X),
since

(Pw, 9X)(p) = ((‘ﬂ_l)*wrp"(p)v 0 Xp1(p))
= (wg-1(p), Xp1(p) = <w’X)(<P_l(P))-

Exercise: For arbitrary vector fields X show from (ii) that g X (¢ f) = &(X f )).

(15.32)

Using Eq. (15.11), property (iv) provides a unique definition for the application of the
map @ to all higher order tensors. Alternatively, as for covector fields, the following is a

characterization of the map @:

@D (Fo', ..., 0, 8X1,... ., 0X,) =#T (@', ...,/ , Xy, ..., X))

for all vector fields X7, ... X, and covector fields o', ..., o'

The Lie derivative £x 7T of a smooth tensor field 7 with respect to the vector field X is

defined as
1
LxT =1lim—(T —,T).
X t—0t ( o )
Exercise: Show that for any tensor field T’

deiT
dr

LyT = —

t=0

and prove the Leibnitz rule
L(T®S)=T®(LxS)+(LxT)®S.
When T is a scalar field f, we find, on changing the limit variable to s = —z,

dfoo;
(£xr), = 22D xpp),

and in a local coordinate chart (U; x)
Lyf=Xf=fiX.

Since for any pair i, j

T oxiox)  dxioxi

d _[ a ad } 92 92
S Bxi xi’ 9x/

(15.33)

(15.34)

(15.35)

(15.36)

and LyY = [X, Y] = —[Y, X] = —Ly X for any pair of vector fields X, Y, we find

ﬁxi :_EaY/(Xi 3.) - _xi Bl

ax/ ax! Joxi”
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Applying the Leibnitz rule (15.35) results in

R )
) =y X = _yix =
’ dx! Y ox!

LyY = z:X<Y" 83

xi

in agreement with the component formula for the Lie bracket in Eq. (15.25),
(LxY) =Y, X —Y/X' ). (15.37)

To find the component formula for the Lie derivative of a 1-form @ = w;dx’, we note
that for any pair of vector fields X, ¥

Lxlw,Y) = X(w,Y) = (Lxw, Y) + (@, Lx¥), (15.38)

which follows from Egs. (15.32) and (15.34),

Ly(w,Y)=Xw,Y)= —%Gﬂw, Y)
d

= _a<&;‘ws gtY)

d .
o 7<5Gtw’ Y =0 dt =0

= (Lxw,Y)+ (v, LxY).

t=0

t=0

If o = w; dx' is a 1-form, then its Lie derivative £y with respect to the vector field X has
components in a coordinate chart (U; x) given by

0
(EX(U)J- = (Lyw, ﬁ)

0 a

:L s T N D
x(w axf) ( Xaxj)
a

—LXW/'—’—((‘)’XI’faxi)
:Wj,in +Winﬁj.

Extending this argument to a general tensor of type (r, s), we find

(ﬁXT)ij'"kL,, =T % X" =T 0 Xy = T 0 Xy —

) ) (15.39)
T X"+ TVt X"+ -+

Example 15.15 In local coordinates such that X = 9,1 (see Theorem 15.3), all X* ; = 0
since the components X? = consts. and the components of the Lie derivative are simply the
derivatives in the 1-direction,

(LxT) . = T3 1.

Problems

Problem 15.17 Show that the components of the Lie product [ X, Y]* given by Eq. (15.25) transform
as a contravariant vector field under a coordinate transformation x"/(x").
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Problem 15.18 Show that the Jacobi identity can be written
LixnZ =LxLyZ —LyLxZ,
and this property extends to all tensors 7'
LixnT =LxLyT — LyLxT.

Problem 15.19 Letw : M — N be a diffeomorphism between manifolds M and N and X a vector
field on M that generates a local one-parameter group of transformations o, on M. Show that the

vector field X' = &, X on N generates the local flow 6, = ¢ 00, oo™,

Problem 15.20 For any real positive number n show that the vector field X = x" 9, is differentiable
on the manifold R* consisting of the positive real line {x € R |x > 0}. Why is this not true in general
on the entire real line R? As done for the case » = 2 in Example 15.13, find the maximal one-parameter
subgroup o, generated by this vector field at any point x > 0.

Problem 15.21  On the manifold R? with coordinates (x, ), let X be the vector field X = —yd, +
x0,. Determine the integral curve through any point (x, y), and the one-parameter group generated
by X. Find coordinates (x', y") such that X = 9.

Problem 15.22 Repeat the previous problem for the vector fields, X = yd, + xd, and X = x9, +
0.

Problem 15.23 On a compact manifold show that every vector field X is complete. [Hint: Let o,
be a local flow generating X, and let € be the least bound required on a finite open covering. Set
o, = (o,/x)" for N large enough that |1| < €N.]

Problem 15.24 Show that the Lie derivative £y commutes with all operations of contraction Cj on
a tensor field 7',

LyCIT = CiLyT.

Problem 15.25 Prove the formula (15.39) for the Lie derivative of a general tensor.

Distributions and Frobenius theorem

A k-dimensional distribution D* on a manifold M is an assignment of a k-dimensional
subspace D¥(p) of the tangent space T »(M) at every point p € M. The distribution is said
to be C* or smooth if for all p € M there is an open neighbourhood U and k smooth
vector fields X1, ..., X; on U that span D¥(q) at each point ¢ € U. A vector field X on
an open domain 4 is said to lie in or belong to the distribution D* if X, € D*(p) at each
point p € A. A one-dimensional distribution is equivalent to a vector field up to an arbitrary
scalar factor at every point, and is sometimes called a direction field.

An integral manifold of a distribution D¥ is a k-dimensional submanifold (K, ¥) of M
such that all vector fields tangent to the submanifold belong to DF,

Vi(T,(K)) = DX (p)).
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Every one-dimensional distribution has integral manifolds, for if X is any vector field
that spans a distribution D! then any family of integral curves of X act as integral manifolds
of the distribution D'. We will see, however, that not every distribution of higher dimension
has integral manifolds.

A distribution D* is said to be invelutive if for any pair of vector fields X, Y lying in
D*, their Lie bracket [X, Y] also belongs to D*. If {e), ..., e;} is any local basis of vector
fields spanning an involutive D* on an open neighbourhood U, then

k
lewr el =) Clye, (@, B=1,....k) (15.40)
y=1
where C;’Ig = —Cga are C* functions on U. Conversely, if there exists a local basis {e,}

satisfying (15.40) for some scalar structure fields C;'ﬁ, the distribution is involutive, for if
X = X%, and Y = YPeg then
[X, Y] = [X€, YPes] = (X(Y") — Y(X7) + X*YPCy)ey,

which belongs to D¥ as required. For example, if there exists a coordinate chart (U; x’) such
that the distribution D* is spanned by the first k coordinate basis vector fields

el :a)C" 32:ax27~~~y €k :ax“

then D* is involutive on U since all [eg, eg] = 0, a trivial instance of the relation (15.40).
In this case we can restrict the chart to a cubical neighbourhood U’ = {p | —a < x'(p) <
a}, and the ‘slices” x* = const. (¢ = k+1,...,n) are local integral manifolds of the
distribution DF. The key result is the Frobenius theorem:

Theorem 15.4 A smooth k-dimensional distribution D* on a manifold M is involutive if
and only if every point p € M lies in a coordinate chart (U;x") such that the coordinate
vector fields 3/3x% for « = 1, ..., k span D* at each point of U.

Proof: The ifpart follows from the above remarks. The converse will be shown by induc-
tion on the dimension k. The case k£ = 1 follows immediately from Theorem 15.3. Suppose
now that the statement is true for all (k — 1)-dimensional distributions, and let D* be a
k-dimensional involutive distribution spanned at all points of an open set 4 by vector fields
{X1, ..., Xx}. Atany point p € A there exist coordinates (¥'; y') such that Xj = 9. Set

Yo = Xo — (X)) Xe, Y= Xi

where Greek indices «, B, ... range from 1 to k — 1. The vector fields Yi, Y»,..., ¥}
clearly span D* on V', and

Yo¥ =0, Yof=1. (15.41)
Since D* is an involutive we can write
Yor Ypl = CLpY, + aupi,

[You Yk] = CZY;/ + aq Y.
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Applying both sides of these equations to the coordinate function y* and using (15.41), we
find a,p = a, = 0, whence

[Yo, Yp] = CgﬁYy, (15.42)
[Yo, Yi]=CLY,. (15.43)
The distribution D*~! spanned by Y;, Y3, ..., Ys_, is therefore involutive on ¥, and by the

induction hypothesis there exists a coordinate chart (J;z') such that D¥~! is spanned by
{0.1, ..., 0.+-1}. Set

a
— 4P
Py Al Yg

where [4#] is a non-singular matrix of functions on . The original distribution D* is
spanned on W by the set of vector fields

{0,1, 0,2, ..., 01, Vi)
It follows then from (15.43) that
[0, ;1= K88, (15.44)

for some functions K %. If we write

k—1 n
Ye=) £+ ) &0
a=1 a=k

and apply Eq. (15.44) to the coordinate functions z (@ =k, ..., n), we find

3 a
§ _ 0
0z%
Hence £ = £9(z%, ..., z") for all @ > k. Since Y} is linearly independent of the vectors
d.«, the distribution D* is spanned by the set of vectors {91, 9.2, ..., d.+-1, Z}, where

Z =Y —E% = £9CF, ..., 200,

By Theorem 15.3 there exists a coordinate transformation not involving the first (k — 1)
coordinates,

xF=xkEE, 2, =R, 2, =X 2
suchthat Z = d.+. Settingx' = z!, ..., x¥~1 = z¥~! we have coordinates (U; x") in which
D¥ is spanned by {dy1, ..., dxk1, Oy} [ |

Theorem 15.5 A set of vector fields { X1, X2, ..., Xi} is equal to the first k basis fields of
a local coordinate system, X| = x1, ..., Xy = Oy if and only if they commute with each
other, [Xy, Xg] = 0.

Proof: The vanishing of all commutators is clearly a necessary condition for the vector
fields to be local basis fields of a coordinate system, for if X, = 0y« (¢ = 1,...,r) then
[Xa» Xp] = [0re, 9xs] = 0.
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To prove sufficiency, we again use induction on k. The case k£ = 1 is essentially Theorem
15.3. By the induction hypothesis, there exists local coordinates (U; x') such that X, = 0«
forao=1,...,k—1.SetY = X; =Y'(x!,...,x")d, and by Example 15.15 Y’ , =0,
so that we may write

M’”

n
Y= vk xMie + YR )b
a=k

a=1

Using Theorem 15.3 we may perform a coordinate transformation on the last n — k + 1
coordinates such that

Y= vk x4 0

A coordinate transformation

X =x 4 ok x") (@=1,...,k=1)

x4 =x* (a=k,...,n)

has the effect

k=1 3 5
y=>(r"+ ) .
Zl Bxk ox'P + ax'k
Solving the differential equations

o

P = —Yﬁ(xk, o x™)

by a straightforward integration leads to ¥ = 9, as required. |
Example 15.16 OnR’ = R® — {(0, 0, 0)} let X}, X», X3 be the three vector fields
X1 =y0. —z0,, X, =20, — x0., X3 =x0, — yox.

These three vector fields generate a two-dimensional distribution D?, as they are not linearly
independent

XX] +yY2 +ZX3 =0.
The Lie bracket of any pair of these vector fields is easily calculated,

[X1, Xo]f = [y0: — 20y, 20 — x0;]f
zyz[azv 3r]f+yfx _yx[az, az]f_zz[ays ax]f+2x[8y, Bz]f—xfy
= (_xay +yax)f =-X3f.

There are similar identities for the other commutators,

[X1, Xp] = —X;3, [X2, X3]1=—X1, [X;, Xi] = —X>. (15.45)
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Hence the distribution D? is involutive and by the Frobenius theorem it is possible to find
a local transformation to coordinates y', y?, »* such that 3,1 and 9,2 span all three vector
fields X1, X and X;.

The vector field X = x 0, + y0d, + zd. commutes with all X;: for example,

[X3, X]f = [xay — Yoy, xf,x +yf,y +Zf,z]f
:xz[ay’ ax].f_xayf+xayf+Xy[a)faay]f_yz[ax,ay]f
+XZ[8y, az]f - yz[a)m az]f‘
=0.

Hence the distribution £2 generated by the pair of vector fields {X3, X} is also involutive.
Let us consider spherical polar coordinates, Eq. (15.2), having inverse transformations

r=+/x%+y*+22, 6 =cos’l<z>, ¢ =tan’1()f)>.
r X

Express the basis vector fields in terms of these coordinates

9 ara n 898 n 8¢8 o 9 +cos€cos¢8 sin ¢ 9
=—03 + — — 09, = sin6 cos ¢, - — )
T 9x ax " ax? r O rsing
5 Bra +898 +8¢8 in 6 sin 9 +cos05in¢8 cos ¢
, = —0, + — — 0y = sinf sin ¢0, - )
T dy ay ¢ ay ¢ rsing *
or a6 ¢ sinf
BZ = ga, + 87288 + 534, = COS93, - 739,

and a simple calculation gives

X1 =y0; —z0, = —sin¢dy — cot cos ¢y,

Xy =20, —x0; = —cospdy — cotf sinpdy,

X3 =x0, — 0y = 9y,

X =x0; + yd, +20. =rd, = 9 wherer' =Inr.

The distribution D? is spanned by the basis vector fields 3 and 3, while the distribution
E? is spanned by the vector fields 9, and 4 in spherical polars.

Exercise: Find a chart, two of whose basis vector fields span the distribution generated by X; and X.
Do the same for the distribution generated by X, and X.

Problems

Problem 15.26 Let D; be an involutive distribution spanned locally by coordinate vector fields
e, = 0/0x“, where Greek indices @, B, etc. all range from 1 to k. If X, = A” e is any local basis
spanning a distribution D*, show that the matrix of functions [4# ] is non-singular everywhere on its
region of definition, and that [ X, Xs] = C}4 X, where
5 B —1y
Cly= (0,4, — 424", 5)(47").
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Problem 15.27 There is a classical version of the Frobenius theorem stating that a system of partial
differential equations of the form

8]”‘j B 1 k 1 r
v Aj(x ..... X f(x), ..., f (x))
where i,j=1,...,k and o, =1,...,r has a unique local solution through any point

(@',...,a* b',...,b")if and only if

04, a4l 04 94"
_ i o Lo g LA
ox! oax/ by 79y
where Afj. = A’j. (x‘, ..., xk,p1 .., y"). Show that this statement is equivalent to the version given
in Theorem 15.4. [Hint: On R" where n = r + k consider the distribution spanned by vectors
d d
=—+A— =1,k
o T A oy (@ )
and show that the integrability condition is precisely the involutive condition [¥;, ¥;] = 0, while the
condition for an integral submanifold of the form y# = fA(x!,..., x*)is Aﬂ f ﬂj ]
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