CHAPTER 3

Coordinate invariance and manifolds

]0.6P; Revised: 18-7-2007; Run: August 2, 2007\

For the geometric applications we wish to make later (and of course many
others) it is important to understand how the objects discussed above behave under
coordinate transformations, so that they can be transferred to manifolds (and vector
bundles). The basic principle is that the results above are independent of the choice
of coordinates, which is to say diffeomorphisms of open sets.

1. Local diffeomorphisms

Let ©; C R™ be open and f : Q1 — (5 be a diffeomorphism, so it is a C*
map, which is equivalent to the condition

(3.1) ffuelC®(Q) VuelC®(Q), ffu=uof, ffu(z)=u(f(z)),

and has a C* inverse f~! : Qy — ;. Such a map induces an isomorphisms f* :
C(Qa) — C°(21) and f* : C*°(Qy) — C>(Qy) with inverse (f~1)* = (f*)~L.

Recall also that, as a homeomorphism, f* identifies the (Borel) measurable
functions on 2o with those on ;. Since it is continuously differentiable it also
identifies L (Q2) with L{ (Q1) and

loc

(32) weLi(Q) = /Q fu2)| T (2)ldz = / u(=')dz, Jf(z)Zdeta‘gz(j).

1

The absolute value appears because the definition of the Lebesgue integral is through
the Lebesgue measure.
It follows that f* : L2 (Q2) — L2 .(Q1) is also an isomorphism. If u € L*(2)

loc
has support in some compact subset K € 25 then f*u has support in the compact

subset f~1(K) € Q; and
(3.3) full72 :/Q |frul*dz < C(K)/Q [frul? Ty (2)ldz = C(K)|ul 2.
1 1
Distributions are defined by duality, as the continuous linear functionals:-

(3.4) uwelC Q) = u:C1(Q) — C.

We always embed the smooth functions in the distributions using integration. This
presents a small problem here, namely it is not consistent under pull-back. Indeed
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32 3. COORDINATE INVARIANCE AND MANIFOLDS

if u € C*®(Q2) and p € C(£21) then
(3.5) fru(z)u(2)|J5(2)|dz = / u(2)(f7) p(2)dz" or
Q1 Qo

f*U(Z)u(Z)dZ=/ u(Z)(f ) &) T (2)]d2

Ql Q2

since f*Jp-1 = (Jp)~ "
So, if we want distributions to be ‘generalized functions’, so that the identification

of u € C>®(€2) as an element of C~>°({)) is consistent with the identification of
ffu € C>®(€y) as an element of C~°°(£21) we need to use (3.5). Thus we define

(3.6) FrrCT(Q2) — CT() by frulu) = u((f71) ulJg-]).

There are better ways to think about this, namely in terms of densities, but let me
not stop to do this at the moment. Of course one should check that f* is a map as
indicated and that it behaves correctly under composition, so (f o g)* = g* o f*.
As already remarked, smooth functions pull back under a diffeomorphism (or
any smooth map) to be smooth. Dually, vector fields push-forward. A vector field,
in local coordinates, is just a first order differential operator without constant term

- 19

(3.7) V=Y D, D, =0 =1L
j=1 L Oz
For a diffeomorphism, the push-forward may be defined by
(3.8) P (V) = Vu v ue ()

where we use the fact that f* in (3.1) is an isomorphism of C*(Q3) onto C*> ().
The chain rule is the computation of f.V, namely

3.9) LVIE) = Y 0 B,
jk=1

As always this operation is natural under composition of diffeomorphism, and in
particular (f~1).(f«)V = V. Thus, under a diffeomorphism, vector fields push
forward to vector fields and so, more generally, differential operators push-forward
to differential operators.

Now, with these definitions we have

THEOREM 3. For every s € R, any diffeomorphism f : Q1 — Qg induces an
isomorphism

(3.10) f7 Higo(Q2) — Hige ().

ProOOF. We know this already for s = 0. To prove it for 0 < s < 1 we use the
norm on H?*(R"™) equivalent to the standard Fourier transform norm:-

() Jul = a3+ [ IO g

Ren |2 — ([Pt

See Sect 7.9 of [?]. Then if u € HZ(€)2) has support in K € Qs with 0 < s < 1,
certainly u € L? so f*u € L? and we can bound the second part of the norm in
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on f*u:
oy [ UM,
RQTL

2 =

= /RQ” g|(’l;(/§:/);(1§§|/2)l+n |Jg(z/)||Jg(CI>|dZ/d</

gon |z — o

<C dzd¢
since Clg(=') — g(¢')| = |2/ — | where g = f~L.
For the spaces of order m + s, 0 < s < 1 and m € N we know that

(3.13) w € H(Qy) <= Pu e Hi () V P € Diff™(Qy)

loc

where Diff ™ (Q) is the space of differential operators of order at most m with smooth
coefficients in €. As noted above, differential operators map to differential operators
under a diffeomorphism, so from it follows that Hg‘js (Q2) is mapped into
HYE (@) by £,

For negative orders we may proceed in the same way. That is if m € N and
0 <s <1 then

(3.14) u€ Hyy M) <= u=»_ Pyuy, P;eDiff"(Q), us € H* ()
J

where the sum over J is finite. A similar argument then applies to prove (3.10) for
all real orders. O

Consider the issue of differential operators more carefully. If P : C*(Q;) —
C° () is a differential operator of order m with smooth coefficients then, as already
noted, so is

(3.15) P;: C®(Q2) — C®(Qa), Prv = (fH)*(Pf*v).

However, the formula for the coefficients, i.e. the explicit formula for Py, is rather
complicated:-

(3.16) P=> =Pr=> palg)(Js(z)D.)"

lof<m lo|<m

since we have to do some serious differentiation to move all the Jacobian terms to
the left.

Even though the formula is complicated, the leading part of it is rather
simple. Observe that we can compute the leading part of a differential operator by
‘oscillatory testing’. Thus, on an open set {2 consider

(3.17)  P(z,D)(e"u) = "™ > " t* Pz, D)u, u € C®(Q), ¢ € C>(Q), t€R.
k=0

Here the Py (z, D) are differential operators of order m — k acting on u (they involve

derivatives of ¢ of course). Note that the only way a factor of ¢ can occur is from

a derivative acting on e**¥ through

i ity OY
(318) DZJ,E t =€ twtaizj
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Thus, the coefficient of t™ involves no differentiation of v at all and is therefore
multiplication by a smooth function which takes the simple form

(3.19) om(P)(,2) = Y pa(2)(DY)* € C™(Q).
|a]=m

In particular, the value of this function at any point z € €0 is determined once we
know di), the differential of v at that point. Using this observation, we can easily
compute the leading part of Py given that of P in . Namely if ¢ € C*(Qs)
and (Py)(2') is the leading part of Py for

(3.20) o (Pr)(W, 2 v = Jim e M P2, DL ) (e )
= tlim e g* (P(z, D) (e fro)
— 00
— g (lim £ g (P(2, D)V o) = g Pl £ 2)f .
Thus
(3.21) om(Pp)(W', (")) = g"om(P)(f*', 2).

This allows us to ‘geometrize’ the transformation law for the leading part (called
the principal symbol) of the differential operator P. To do so we think of 7%, for
 and open subset of R™, as the union of the T*Z€), z € 2, where T2 is the linear
space
(3.22) TrQ=C>®(Q)/ ~, ¥ ~, Y =

W(Z) — ' (Z) — () + ' (2) vanishes to second order at Z = 2.

Essentially by definition of the derivative, for any ¢ € C*° (),

(3.23) ey %(z)(zj - 7).

j=1
This shows that there is an isomorphism, given by the use of coordinates
(3.24) T*Q=Q xR", [2,9] — (z,d¥(2)).

The point of the complicated-looking definition (3.22)) is that it shows easily (and
I recommend you do it explicitly) that any smooth map h : 3 — s induces a
smooth map

(3.25) T Qy — T, h([h(2),v]) = [z, K" Y]
which for a diffeomorphism is an isomorphism.

LEMMA 12. The transformation law (3.21) shows that for any element P €
Diff ™ (Q2) the principal symbol is well-defined as an element

(3.26) o(P) € C¥(T*Q)

which furthermore transforms as a function under the pull-back map (3.25|) induced
by any diffeomorphism of open sets.

ProoOF. The formula (3.19)) is consistent with (3.23) and hence with (3.21]) in
showing that o,,(P) is a well-defined function on 7*€). O
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2. Manifolds

I will only give a rather cursory discussion of manifolds here. The main cases
we are interested in are practical ones, the spheres S™ and the balls B™. Still, it is
obviously worth thinking about the general case, since it is the standard setting for
much of modern mathematics. There are in fact several different, but equivalent,
definitions of a manifold.

2.1. Coordinate covers. Take a Hausdorff topological (in fact metrizable)
space M. A coordinate patch on M is an open set and a homeomorphism

M>50-L o cRr®

onto an open subset of R™. An atlas on M is a covering by such coordinate patches

(Qa, Fa),
M = U Q.
a€A
Since each Fy, : Q) — Q) is, by assumption, a homeomorphism, the transition
maps

Fab : Q:}b — Q/

ba »
:J,b = Fb(Qa N Qb) 5
(= Qe = Fa(Q N )
Fug=F,0F !

are also homeomorphisms of open subsets of R™ (in particular n is constructed on
components of M). The atlas is C¥, C*°, real analytic, etc.) if each F; is C*, C*®
or real analytic. A C*> (C*¥ or whatever) structure on M is usually taken to be a
mazimal C* atlas (meaning any coordinate patch compatible with all elements of
the atlas is already in the atlas).

2.2. Smooth functions. A second possible definition is to take again a Haus-
dorff topological space and a subspace F C C(M) of the continuous real-valued
function on M with the following two properties.

1) For each p € M3f1,...,fn € F and an open set 2 3 p such that
F=(f1,-.., fn): = R™is a homeomorphism onto an open set, Q' C R"
and (F~1)*g € C®(Y) Vg € F.

2) F is maximal with this property.

2.3. Embedding. Alternatively one can simply say that a (C*°) manifold is
a subset M C RY such that Vp € M3 an open set U > p, U C RY, and hy, ...,
hyn_n € COO(U) s.t.

MnNU={qeU, hi(¢)=0, i=1,...,N —n}
dh;(p) are linearly independent.

I leave it to you to show that these definitions are equivalent in an appropriate
sense. If we weaken the various notions of coordinates in each case, for instance in

the first case, by requiring that Q' € R ¥ x[0, 0c0)* for some k, with a corresponding
version of smoothness, we arrive at the notion of a manifold with conesE|

B always demand in addition that the boundary faces of a manifold with cones be a embedded
but others differ on this. I call the more general object a tied manifold.
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So I will assume that you are reasonably familiar with the notion of a smooth
(C*°) manifold M, equipped with the space C°°(M) — this is just F in the second
definition and in the first

C®(M)={u:M —R; uoF~t €C®()V coordinate patches}.

Typically I will not distinguish between complex and real-valued functions unless
it seems necessary in this context.

Manifolds are always paracompact — so have countable covers by compact sets
— and admit partitions of unity.

PROPOSITION 7. If M = J,c 4 Ua is a cover of a manifold by open sets then
there exist pg € C*°(M) s.t. supp(pa) € Uy (i-e., IK, € Uy s.t. p, =0 on M\K,),
these supports are locally finite, so if K € M then

{a € A;pa(m) # 0 for somem € K}
is finite, and finally

Zpa(m)zl, V'me M.
acA

It can also be arranged that
(1) 0< pa(m)<1Va, VmeM.
(2) Pa = MZ) Ha € COO<M)
(3) A pg €C®(M), 0<p, <1, »p =1 in a neighborhood of supp(p,) and
the sets supp(y,) are locally finite.

Proor. Up to you. ([

Using a partition of unity subordinate to a covering by coordinate patches we
may transfer definitions from R" to M, provided they are coordinate-invariant in
the first place and preserved by multiplication by smooth functions of compact
support. For instance:

DEFINITION 2. Ifu : M — Cand s > 0 then u € H{ (M) if for some partition

of unity subordinate to a cover of M by coordinate patches
(Fa ') (pau) € H(R™)

(3.27) 1 ,
or (Fa )*(pau) € Hlsoc(Qa>'

Note that there are some abuses of notation here. In the first part of we
use the fact that (F;1)*(psu), defined really on 2, (the image of the coordinate
patch F, : Q, — Q) € R™), vanishes outside a compact subset and so can be
unambiguously extended as zero outside 2/, to give a function on R™. The second
form of is better, but there is an equivalence relation, of equality off sets of
measure zero, which is being ignored. The definition doesn’t work well for s < 0
because u might then not be representable by a function so we don’t know what v’
is to start with.

The most sysetematic approach is to define distributions on M first, so we
know what we are dealing with. However, there is a problem here too, because
of the transformation law that was forced on us by the local identification
C>®(2) C C7°°(Q). Namely, we really need densities on M before we can define
distributions. I will discuss densities properly later; for the moment let me use a
little ruse, sticking for simplicity to the compact case.
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DEFINITION 3. If M is a compact C° manifold then C°(M) is a Banach space
with the supremum norm and a continuous linear functional

(3.28) w:CO(M) —R

is said to be a positive smooth measure if for every coordinate patch on M, F :
Q0 — Q' there exists up € C*(Q), up > 0, such that

(3.29) u(f) = /l(F_l)*f,uFdz vV fe CO(M) with supp(f) C Q.

Now if u, ' : C°(M) — R is two such smooth measures then p, = vpup with
vp € C®(Q). In fact 3 v € C°(M), v > 0, such that F;_ = v on €. That is, the
v’s patch to a well-defined function globally on M. To see this, notice that every
g € CO(Y) is of the form (F~1)*g for some g € C°(M) (with support in Q) so
certainly determines ppr on '. Thus, assuming we have two smooth measures, vp
is determined on ' for every coordinate patch. Choose a partition of unity p, and
define

v = Z,DaF:UFa € C(M).
a
Exercise. Show (using the transformation of integrals under diffeomorphisms) that

(3.30) W (f)=plf) ¥ fec=(M).
Thus we have ‘proved’ half of

PROPOSITION 8. Any (compact) manifold admits a positive smooth density
and any two positive smooth densities are related by (3.30) for some (uniquely
determined) v € C*° (M), v > 0.

PROOF. T have already unloaded the hard part on you. The extension is similar.
Namely, chose a covering of M by coordinate patches and a corresponding partition
of unity as above. Then simply define

W) =3 [ (bt

using Lebesgue measure in each /. The fact that this satisfies (3.29) is similar to
the exercise above. O

Now, for a compact manifold, we can define a smooth positive density ' €
C>®(M;Q) as a continuous linear functional of the form

(3.31) W COM) — C, 1/ (f) = pu(pf) for some ¢ € C=(M)

where ¢ is allowed to be complex-valued. For the moment the notation, C>°(M;Q),
is not explained. However, the choice of a fixed positive C* measure allows us to
identify

CO(M;Q) > — peC>®(M),

meaning that this map is an isomorphism.
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LEMMA 13. For a compact manifold, M, C*(M;Q) is a complete metric space
with the norms and distance function

[ [y = sup [V} --- Vg

la|<k
d(,u/ lu/) _ i27k ||:u/||(k)
1 M) = TN
22 T
where {V1,...,V,} is a collection of vector fields spanning the tangent space at each

point of M.

This is really a result of about C>°(M) itself. T have put it this way because of the
current relevance of C*°(M; Q).

PROOF. First notice that there are indeed such vector fields on a compact
manifold. Simply take a covering by coordinate patches and associated partitions
of unity, ¢,, supported in the coordinate patch ,. Then if ¥, € C>°(M) has
support in , and ¥, = 1 in a neighborhood of supp(y,) consider

Ve = Vo (F71.(0,), £=1,...,n,

a

just the coordinate vector fields cut off in ,. Clearly, taken together, these span
the tangent space at each point of M, i.e., the local coordinate vector fields are
really linear combinations of the V; given by renumbering the V. It follows that

1wy = o Vit Vel e M
a<k

is a norm on C>(M; Q) locally equivalent to the C* norm on ¢ ¢ on compact subsets
of coordinate patches. It follows that (3.32) gives a distance function on C*°(M;$2)
with respect to what is complete — just as for S(R™). O

Thus we can define the space of distributions on M as the space of continuous
linear functionals u € C~>°(M)

(3.32) u: C*(M;Q) — C, Ju(p)] < Ckllpllx)-

As in the Euclidean case smooth, and even locally integrable, functions embed in
C~°°(M) by integration

(3.33) Hwnwc%wmfwﬂmzA/u

where the integral is defined unambiguously using a partition of unity subordinate

to a coordinate cover:
fu= / (Fy )" (af1a)dz
/| S [ (Y Gt

since pu = pqdz in local coordinates.

DEFINITION 4. The Sobolev spaces on a compact manifold are defined by ref-
erence to a coordinate case, namely if u € C™°°(M) then
(3.34)
ue H¥ (M) & u(pp) = ua(F; 1) Yua), Vb € C°(Q) with ug € H (€2,).
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Here the condition can be the requirement for all coordinate systems or for a
covering by coordinate systems in view of the coordinate independence of the local
Sobolev spaces on R™, that is the weaker condition implies the stronger.

Now we can transfer the properties of Sobolev for R™ to a compact manifold;
in fact the compactness simplifies the properties

(3.35) H™(M) C H™ (M), Vm >m'

(3.36) H™(M) — CE(M), ¥ m >k + %dimM
(3.37) (VH™ (M) =C>(M)

(3.38) JHE™ (M) =C>(M).

These are indeed Hilbert(able) spaces — meaning they do not have a natural
choice of Hilbert space structure, but they do have one. For instance

(u,v)s = Y ((F7 ) @atty (Fy ) 0av) s gm)

a

where ¢, is a square partition of unity subordinate to coordinate covers.

3. Vector bundles

Although it is not really the subject of this course, it is important to get used
to the coordinate-free language of vector bundles, etc. So I will insert here at
least a minimum treatment of bundles, connections and differential operators on
manifolds.

Addenda to Chapter 3






